
 / 25 

Measurement of the t-quark pair (tt) 
production cross-section 

using final states with a lepton and  
a hadronically decaying τ-lepton 

Yuta Takahashi, Nagoya university 
25, Sep, 2012 

Fermilab Interview 

1 



 / 25 

Physics Motivation 

•  The t-quark 
–  Heaviest elementary particle so far 
–  Yt = 1, best probe to reveal                                          

the mass generation mechanism 
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•  LHC is the t-quark factory 
–  Enabling closer look at t-quark with unprecedented accuracy 

•  The Standard Model (SM) 
–  6 quarks + 6 leptons 
–  Interaction mediated by gauge fields 
–  Higgs boson at 125 GeV ? 

173.2 ± 0.9 GeV 

Understanding the t-quark pair production cross-section (σtt) at the 
LHC is the best starting point to test the SM and look for beyond 



 / 25 

σtt measurement at ATLAS 
•  Formulation of the σtt at the proton-proton collider 
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experiment set the lower limit for the charged Higgs boson mass to be mH > 90 GeV. At the
Tevatron, no evidence were found for the charged Higgs boson production, and the upper limit
was placed on the branching ratio that the t-quark decays into a charged Higgs boson and a
b-quark to be 15 - 20%

2.2 Theoretical aspect of the tt̄ production cross-section

2.2.1 Overview

Figure 2.5 shows a schematic diagram of the tt̄ production and its decay. The production
process is the result of an interaction between quarks and gluons which are the constituents of
the incoming protons, called partons. The partons possess varying fractions (x1 and x2) of the
four-momenta of their parent protons (p1 and p2). The production cross-section is given by,

σpp̄→tt̄ =
∑

i,j=g,q,q̄

∫ 1

0

fi(x1) dx1

∫ 1

0

fj(x2) dx2 × σ̂ij→tt̄ (αs), (2.5)

where σ̂ij→tt̄ is the short-distance cross-section between parton i and j (called partonic cross-
section), the αs is the strong coupling constant and fi(x1) is the parton distribution function
(PDF) for the parton type i (i = g, q, q̄, where q = u, d, c, s, b). The strong coupling constant
is known to be varied as a function of the momentum transfer in the event (Q). In case of the
tt̄ production, αs becomes the order of ≈ 0.1, which is small enough to calculate the partonic
cross-section as a perturbation series in the strong coupling constant.
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Figure 2.5: The diagram of the tt̄ production and decay.
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Precise measurement has been performed 
using clean channel 
•  Dilepton (tt → llννbb) and           

Single-lepton (tt → lνjjbb) channel 
•  δσ(Measured) (6%) < δσ(Theory) (10%) 
•  Strongly validated the SM 
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ŝ) (25)

σpp̄→tt̄ =
∑

i,j=g,q,q̄

∫ 1

0

fi(x1) dx1

∫ 1

0

fj(x2) dx2 × σ̂ij→tt̄ (αs) (26)

σpp̄→tt̄ =
∑

i=g,q,q̄

∫ 1

0

fi(x1) dx1

∫ 1

0

fi(x2) dx2 × σ̂ij→tt̄ (αs) (27)

σpp̄→tt̄ =
∑

i=g,q,q̄

∫ 1

0

fi(x1) dx1

∫ 1

0

fi(x2) dx2 (28)

×σ̂ij→tt̄ (αs) × |Vtb|4 (29)

W → %ν (30)

experiment set the lower limit for the charged Higgs boson mass to be mH > 90 GeV. At the
Tevatron, no evidence were found for the charged Higgs boson production, and the upper limit
was placed on the branching ratio that the t-quark decays into a charged Higgs boson and a
b-quark to be 15 - 20%

2.2 Theoretical aspect of the tt̄ production cross-section

2.2.1 Overview

Figure 2.5 shows a schematic diagram of the tt̄ production and its decay. The production
process is the result of an interaction between quarks and gluons which are the constituents of
the incoming protons, called partons. The partons possess varying fractions (x1 and x2) of the
four-momenta of their parent protons (p1 and p2). The production cross-section is given by,

σpp̄→tt̄ =
∑

i,j=g,q,q̄

∫ 1

0

fi(x1) dx1

∫ 1

0

fj(x2) dx2 × σ̂ij→tt̄ (αs), (2.5)

where σ̂ij→tt̄ is the short-distance cross-section between parton i and j (called partonic cross-
section), the αs is the strong coupling constant and fi(x1) is the parton distribution function
(PDF) for the parton type i (i = g, q, q̄, where q = u, d, c, s, b). The strong coupling constant
is known to be varied as a function of the momentum transfer in the event (Q). In case of the
tt̄ production, αs becomes the order of ≈ 0.1, which is small enough to calculate the partonic
cross-section as a perturbation series in the strong coupling constant.

p1

p2

t

t̄

b̄

b

W +

W−

i

j

x1p1

x2p2

σ̂ij→tt̄ (αs)

fi(x1)

fj(x2)

Figure 2.5: The diagram of the tt̄ production and decay.

11

experiment set the lower limit for the charged Higgs boson mass to be mH > 90 GeV. At the
Tevatron, no evidence were found for the charged Higgs boson production, and the upper limit
was placed on the branching ratio that the t-quark decays into a charged Higgs boson and a
b-quark to be 15 - 20%

2.2 Theoretical aspect of the tt̄ production cross-section

2.2.1 Overview

Figure 2.5 shows a schematic diagram of the tt̄ production and its decay. The production
process is the result of an interaction between quarks and gluons which are the constituents of
the incoming protons, called partons. The partons possess varying fractions (x1 and x2) of the
four-momenta of their parent protons (p1 and p2). The production cross-section is given by,

σpp̄→tt̄ =
∑

i,j=g,q,q̄

∫ 1

0

fi(x1) dx1

∫ 1

0

fj(x2) dx2 × σ̂ij→tt̄ (αs), (2.5)

where σ̂ij→tt̄ is the short-distance cross-section between parton i and j (called partonic cross-
section), the αs is the strong coupling constant and fi(x1) is the parton distribution function
(PDF) for the parton type i (i = g, q, q̄, where q = u, d, c, s, b). The strong coupling constant
is known to be varied as a function of the momentum transfer in the event (Q). In case of the
tt̄ production, αs becomes the order of ≈ 0.1, which is small enough to calculate the partonic
cross-section as a perturbation series in the strong coupling constant.

p1

p2

t

t̄

b̄

b

W +

W−

i

j

x1p1

x2p2

σ̂ij→tt̄ (αs)

fi(x1)

fj(x2)

Figure 2.5: The diagram of the tt̄ production and decay.

11

g√
2MW

{
mu

(
1 + γ5

2

)
1

tan β
+ md

(
1 − γ5

2

)
tan β

}
(37)

|Vtb|2 (38)

W+ (12)

W− (13)

τ (14)

µ (15)

ν̄ (16)

e− (17)

x1p (18)

x2p (19)

σtt̄ = 165+11
−16 pb (mt = 172.5 GeV) (20)

$− (21)

|m!+!− − mZ | < 10 GeV (22)

PDF 
Strong coupling 
constant 

CKM matrix Vtb 



 / 25 

[ pb ]
  t t

σ
0 50 100 150 200 250 300 350

Combined  7±  -7
+8 3      ±177 

All-hadronic  6± 78 ± 18 ±167 
Dilepton -7

+8   -11
+14 6     ±173 

Single-lepton  7± 9  ± 4   ±179 

-1 Ldt = 0.70 - 1.02 fb∫Data 2011, 
Theory (approx. NNLO)

 = 172.5 GeVtm

 (lumi)± (syst) ±(stat) 

ATLAS Preliminary

Figure 2.3: The measured tt̄ production cross-section in ATLAS experiment. The combined
cross-section is shown in the bottom.

charged Higgs boson (m±
H). The coupling of the charged Higgs boson to the up-type fermion
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Therefore, the charged Higgs boson predominantly decays into τντ when tan β is large. This
motivates the tt̄ production cross-section measurement in τ -lepton final state. Figure 2.4 shows
the diagram of the charged Higgs boson decay.
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Goal of the analysis 
Measurement of the tt production cross-section in 
τ and lepton (an electron or a muon) final state 

1.  Alternative test of the SM, especially in decay process 

2.  Looking ahead the search for the charged Higgs boson 
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•  Challenging due to the difficulties of the τ-identification 
•  Important milestone to be achieved at the LHC  

[ pb ]
  t t

σ
0 50 100 150 200 250 300 350

Combined  7±  -7
+8 3      ±177 

All-hadronic  6± 78 ± 18 ±167 
Dilepton -7

+8   -11
+14 6     ±173 

Single-lepton  7± 9  ± 4   ±179 

-1 Ldt = 0.70 - 1.02 fb∫Data 2011, 
Theory (approx. NNLO)

 = 172.5 GeVtm

 (lumi)± (syst) ±(stat) 

ATLAS Preliminary

Figure 2.3: The measured tt̄ production cross-section in ATLAS experiment. The combined
cross-section is shown in the bottom.

charged Higgs boson (m±
H). The coupling of the charged Higgs boson to the up-type fermion

to the down-type fermion (gHfufd
) is calculated to be

gHfufd
=

g√
2MW

{
mu

(
1 + γ5

2

)
cot β + md

(
1 − γ5

2

)
tan β

}
. (2.4)

Therefore, the charged Higgs boson predominantly decays into τντ when tan β is large. This
motivates the tt̄ production cross-section measurement in τ -lepton final state. Figure 2.4 shows
the diagram of the charged Higgs boson decay.

g

g

g

b

b̄

!−

ν̄!

τ+

ντ
W +

W−

t

t̄

g

g

g

b

b̄

!−

ν̄!

τ+

ντ
H+

W−

t

t̄

Figure 2.4: tt̄ events with τ -lepton final states via the W boson decay (left) and the charged
Higgs boson decay.

The measurements of the tt̄ production cross-section in τ -lepton final state and its com-
parison between different decay channels were performed in the former experiments. Under
the assumption that the charged Higgs boson decays into τντ with 100% of the time, the LEP

10

[ pb ]
  t t

σ
0 50 100 150 200 250 300 350

Combined  7±  -7
+8 3      ±177 

All-hadronic  6± 78 ± 18 ±167 
Dilepton -7

+8   -11
+14 6     ±173 

Single-lepton  7± 9  ± 4   ±179 

-1 Ldt = 0.70 - 1.02 fb∫Data 2011, 
Theory (approx. NNLO)

 = 172.5 GeVtm

 (lumi)± (syst) ±(stat) 

ATLAS Preliminary

Figure 2.3: The measured tt̄ production cross-section in ATLAS experiment. The combined
cross-section is shown in the bottom.

charged Higgs boson (m±
H). The coupling of the charged Higgs boson to the up-type fermion

to the down-type fermion (gHfufd
) is calculated to be

gHfufd
=

g√
2MW

{
mu

(
1 + γ5

2

)
cot β + md

(
1 − γ5

2

)
tan β

}
. (2.4)

Therefore, the charged Higgs boson predominantly decays into τντ when tan β is large. This
motivates the tt̄ production cross-section measurement in τ -lepton final state. Figure 2.4 shows
the diagram of the charged Higgs boson decay.

g

g

g

b

b̄

!−

ν̄!

τ+

ντ
W +

W−

t

t̄

g

g

g

b

b̄

!−

ν̄!

τ+

ντ
H+

W−

t

t̄

Figure 2.4: tt̄ events with τ -lepton final states via the W boson decay (left) and the charged
Higgs boson decay.

The measurements of the tt̄ production cross-section in τ -lepton final state and its com-
parison between different decay channels were performed in the former experiments. Under
the assumption that the charged Higgs boson decays into τντ with 100% of the time, the LEP

10



 / 25 

3.2 ATLAS detector475

There are four interaction points at the LHC, where oppositely running protons collide each476

other. The collision events are closely observed by the dedicated detector, called ATLAS (A477

Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), LHCb (LHC-beuty) and ALICE478

(A Large Ion Collider Experiment). The ATLAS and the CMS detector [26] are the general-479

purpose detector designed to cover a wide range of physics at the LHC energy scale.480

Figure 3.2 shows the schematic view of the ATLAS detector. From inner to outer, it consists481

of the inner tracker, the solenoid magnet, the liquid argon electromagnetic calorimeter, the482

hadron calorimeter, the toroid magnet and the muon spectrometer. The inner tracker and the483

muon spectrometer make use of the magnetic deflection to measure the transverse momentum484

(pT ) of the charged particle.

Figure 3.2: The schematic view of the ATLAS detector. The detector has a cylindrical shape
with its size of 25 m×25 m×44 m. The total weight is 7000 tons.

485

The origin of the coordinate system is defined to be the interaction point. The positive486

x−axis is defined in a direction from the origin towards the center of the LHC ring. The487

positive y−axis is taken to be upward. The positive z−axis is defined according to the right-488

handed system and is in parallel with the beam direction. The azimuthal angle φ is measured489

from the positive x−axis and the polar angle θ is measured from the positive z−axis. In most490

cases, pseudo-rapidity (η) is used instead of θ which is defined as491

η = − ln

{
tan

(
θ

2

)}
(3.1)492

21
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LHC – ATLAS experiment 
•  Large Hadron Collider (LHC) 

–  World highest-energy pp collider 
–  √s = 7 TeV,  L = 1033 (1/cm2s) in 2011 

•  The ATLAS detector 

5 

•  Inner tracker (|η| < 2.5) 
•  EM calorimeter (|η| < 3.2) 
•  Hadron calorimeter (|η| < 4.9) 
•  Muon detector (|η| < 2.7) 

~80m 

Switzerland France 

Particle Identification 
Momentum & 
Energy measurement 
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the diagram of the charged Higgs boson decay.
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The measurements of the tt̄ production cross-section in τ -lepton final state and its com-
parison between different decay channels were performed in the former experiments. Under
the assumption that the charged Higgs boson decays into τντ with 100% of the time, the LEP

10

pxpxpxpxpxpxc
τ+

a few	

mm	


Primary 	

vertex	


Secondary 	

vertex	


•  Muon leaves combined track with 
inner tracker and Muon detector 

•  Electron composes EM shower and 
detected at the EM calorimeter 

•  All quarks and gluons are detected as a 
cluster of hadrons (hadronic jet) 

•  b-jet leaves measurable secondary vertex 

Signature of the tt → τ + lepton 

Detected as the missing ET, 
Calculated from pT imbalance 

Muon Missing ET 

Hadron calorimeter	


Muon spectrometer	


EM calorimeter	


Inner tracker	


Jet 



 / 25 

τ−

ντ

W− e− µ−ū
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•  Reconstruction of the τ-lepton 
–  Focus on hadronically decaying τ-lepton only 
–  Reconstructed as a jet : Collimated jet compared to the quark/gluon jet 
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–  A lot of fake τ objects coming from jets (and even from electron)	


∑
pT = 0 (37)

g√
2MW

{
mu

(
1 + γ5

2

)
1

tan β
+ md

(
1 − γ5

2

)
tan β

}
(38)

|Vtb|2 (39)

(W+ fake τ)Data ×
(0 b-jet)MC

(W+ fake τ)MC
↔ (0 b-jet)Data (40)

τ− → e−ν̄e, τ− → µ−ν̄ (41)

∑
pT = 0 (37)

g√
2MW

{
mu

(
1 + γ5

2

)
1

tan β
+ md

(
1 − γ5

2

)
tan β

}
(38)

|Vtb|2 (39)

(W+ fake τ)Data ×
(0 b-jet)MC

(W+ fake τ)MC
↔ (0 b-jet)Data (40)

τ− → e−ν̄e, τ− → µ−ν̄ (41)

∑
pT = 0 (37)

g√
2MW

{
mu

(
1 + γ5

2

)
1

tan β
+ md

(
1 − γ5

2

)
tan β

}
(38)

|Vtb|2 (39)

(W+ fake τ)Data ×
(0 b-jet)MC

(W+ fake τ)MC
↔ (0 b-jet)Data (40)

τ− → e−ν̄e, τ− → µ−ν̄ (41)

τ− → π− + nπ0 (42)

τ− → π−π+π− + nπ0 (43)

∑
pT = 0 (37)

g√
2MW

{
mu

(
1 + γ5

2

)
1

tan β
+ md

(
1 − γ5

2

)
tan β

}
(38)

|Vtb|2 (39)

(W+ fake τ)Data ×
(0 b-jet)MC

(W+ fake τ)MC
↔ (0 b-jet)Data (40)

τ− → e−ν̄e, τ− → µ−ν̄ (41)

τ− → π− + nπ0 (42)

τ− → π−π+π− + nπ0 (43)

Reconstructed  
jet width 

Track  
Multiplicity 

electron 
τ-lepton 
Hadronic jet 

electron 
τ-lepton 
Hadronic jet 



 / 25 

σtt̄ =
Ndata − Nbackground

ε
· 1

L (1)

∝ α2
s(q

2) (2)

×
∑

1,2=g,q,q̄

∫
dx2dx2 f1(x1, q

2)f2(x1, q
2) (3)

× |Vtb|4 (4)

(5)

∝ α2
s(q

2) (6)

PDF (7)

× |Vtb|4 (8)

(9)

σpp̄→tt̄+X =
∑

i,j

∫ 1

0

PDF (x1) dx1

∫ 1

0

PDF (x2) dx2 × σ̂ij→tt̄+X(αs) (10)

Cross-section measurement 

8 

Signal acceptance (MC)	


Number of 	

candidates	


Background 
expectation	


Integrated luminosity	


!−

ν̄!

t

t̄

(d)

g

g

g

b

b̄

!−

ν̄!

e+

νe
W +

W−

(e)

g

q

q

e+

e−

Z

g

g

g

b̄

b

(c)

g

g

g

b

b̄

t

t̄

(a)

W +

W−

g

q

q̄

!+

ν!

W +

(b)

q

q̄

!−

(f)

g

q

q

τ+

τ−

Z
ντ

!−

ν̄!

(g)

q

q

ν̄τ

!+

ν!

W +

τ−

W−

q̄

(h)
g

b

W−

t

b

W +

τ−

ν̄τ

!+

ν!

q

q̄
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In the remaining part of the thesis, three control regions are used to validate the analysis
without the presence of signals. Table 5.2 summarizes its selection criteria, all of them are
orthogonal to the event selection used for the signal extraction which is described in section 5.4.

In Table 5.2, Nlepton represents the number of lepton, Nτ cand. is the number of τ candidate,
Njet denotes the number of jets, where all objects are defined in Section 5.3. MT is the transverse
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without the presence of signals. Table 5.2 summarizes its selection criteria, all of them are
orthogonal to the event selection used for the signal extraction which is described in section 5.4.
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Data & MC simulation 
•  Data 

–  2.05 ± 0.08 fb-1 
–  Collected by single-lepton triggers 

•  Muon (pT > 18 GeV) 
•  Electron (pT > 20 – 22 GeV) 

•  Monte Carlo (MC) simulation 
–  tt, Z+jet, W+jet, Diboson, Single-top  
–  Rescaled to 2.05 fb-1 

–  Reweighted to reproduce average                                    
number of interactions per bunch                                    
crossing to meet actual pileup                                
environment 
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5.2.2 Monte Carlo simulation and the pile-up reweighting

In the following analysis, the Monte Carlo (MC) simulation are used for the following reasons:

• optimization of the event selection criteria

• estimation of the signal acceptance (A)

• estimation of the number of backgrounds (see Table 5.1)

The tt̄ events are simulated using MC@NLO event generator [26] with next-to-leading order
(NLO) approximation, assuming the t−quark mass to be 172.5 GeV. The CTEQ6.6 [12] is used
as the PDF2, while the cross-section is normalized to the prediction of Hathor (164.6+11

−16 pb),
which employs the next-to-next-to-leading-order (NNLO) perturbative QCD calculation. The
decay process of the τ -lepton is handled by the TAUOLA simulation [27].

The background processes such as W+jet, Z+jet and diboson (WW,WZ, ZZ) are mod-
eled based on the Alpgen generator [28] with leading order (LO) approximation. The cross-
section of these processes are normalized to the NLO approximation. For the single-top events,
MC@NLO event generator with NLO approximation is used [29] with its cross-section nor-
malized to the NNLO approximation. The relevant parameters are summarized in Table 5.3.

process event generator approximation PDF σ (pb)
tt̄ MC@NLO NLO CTEQ6.6 165
W+jet Alpgen LO CTEQ6L1 31452
Z+jet Alpgen LO CTEQ6L1 3218
diboson (WW,WZ, ZZ) Alpgen LO CTEQ6L1 70
single-top MC@NLO NLO CTEQ6.6 85

Table 5.3: Summary of the MC simulation used in this analysis.

All the MC samples are processed by the standard ATLAS detector and trigger simulation,
GEANT4 [30], and are subject to the reconstruction algorithms [31] as the data does. Due to
the difficulty of the modeling for the QCD multi-jet background, it is estimated in a data-driven
way, as is discussed in Section 5.4.3.

In addition to the simulated events described above, actual pp collision data also includes
pile-up events, where additional pp collisions are observed due to the O(1011) protons per each
bunch. At the instantaneous luminosity of L = 1033 (1/cm2s), seven interactions are observed
in average, which denote as 〈µ〉 = 7, while 〈µ〉 = 25 is expected at the designed luminosity of
L = 1034 (1/cm2s). The average number of interactions are calculated as,

〈µ〉 =
Linstσinel

nbfr
(5.6)

2The Coordinated Theoretical Experimental Project on QCD
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Event Selection 
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•  Based on the MC simulation to maximize the signal significance 

Muon Electron 

τ1 τ3 τ1 τ3 

Ndata (expected # of signals) 3683 (392) 8693 (120) 3269 (346) 8246 (105) 

Signal acceptance (ε) 1.1 x 10-3 3.5 x 10-4 1.0 x 10-3 3.0 x 10-4 
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Figure 2.3: The measured tt̄ production cross-section in ATLAS experiment. The combined
cross-section is shown in the bottom.

charged Higgs boson (m±
H). The coupling of the charged Higgs boson to the up-type fermion

to the down-type fermion (gHfufd
) is calculated to be

gHfufd
=

g√
2MW

{
mu

(
1 + γ5

2

)
cot β + md

(
1 − γ5

2

)
tan β

}
. (2.4)

Therefore, the charged Higgs boson predominantly decays into τντ when tan β is large. This
motivates the tt̄ production cross-section measurement in τ -lepton final state. Figure 2.4 shows
the diagram of the charged Higgs boson decay.
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Figure 2.4: tt̄ events with τ -lepton final states via the W boson decay (left) and the charged
Higgs boson decay.

The measurements of the tt̄ production cross-section in τ -lepton final state and its com-
parison between different decay channels were performed in the former experiments. Under
the assumption that the charged Higgs boson decays into τντ with 100% of the time, the LEP
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1 Electron (pT > 25 GeV) or 
1 Muon (pT > 20 GeV) 

ET
miss > 30 GeV 

≥ 2 jets (pT > 25 GeV) 
with at least 1 b-tagged jet 

≥ 1 τhad candidate  
•  pT > 20 GeV 
•  Ntrack = 1(τ1) or 2, 3 (τ3) 
•  electron veto (multi-variable) 

pxpxpxpxpxpxc
τ+

Loose selection 

ΣET > 200 GeV 
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Control plots 
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•  Dominant background process : tt single-lepton 
•  ≥ 98% of the background comes jets faking τ	

•  1.5% from irreducible background 
•  0.5% from electron faking τ	
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1 lepton + 1 τhad 
at least 2 jets 

ET
miss > 30 GeV ΣET > 200 GeV,  ≥ 1 b-jet 

Muon, τ1 

Notation Nlepton Nτ cand. Njet Emiss
T MT Nb-jet

SR ≥ 1 b-tag = 1 ≥ 1 ≥ 2 > 30 GeV ≥ 1
CR 0 b-tag = 1 ≥ 1 ≥ 2 > 30 GeV = 0

Z → τ"τhad = 1 ≥ 1 = 0 < 20 GeV
W + 1 fake τ = 1 ≥ 1 = 0 40 − 100 GeV

Table 5.2: Definition of the signal region (SR) and the control region (CR).

mass between a lepton and Emiss
T , which is defined as,

MT (", Emiss
T ) =

√
(E"

T + Emiss
T )2 − (p"
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y )2 (5.2)

∼=
√

2p"
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T (1 − cos ∆φ(", Emiss
T )) (5.3)

where E"
T and p"

T represent the energy and the momentum of the lepton. The second equation
assumes the lepton mass (mµ = 105 MeV, me = 0.5 MeV) to be negligible compared to the p"

T

and E"
T .

The 0 b-tag control region is used for the background modeling, as the events are kinemat-
ically close to the signal region. Z → τ"τhad control region (Figure 5.2, (f)) provides a plenty
of genuine τ -leptons, and thus used to validate the signal modeling. On the other hand, W + 1
fake τ control region (Figure 5.2, (b)) provides a plenty of fake τ candidate that originated from
the light-flavor (u, d, c, s) jet. This can be used to validate the background template used for
the template fitting.

In the following sections, the data and the Monte Carlo simulation used in the analysis
(Section 5.2), the object definition (Section 5.3), and the event selection (Section 5.4) are shown.
The multivariate technique based on the Boosted Decision Tree is described in Section 5.5,
followed by the background estimation method in Section 5.6. After describing the systematic
uncertainty (Section 5.7), the measurement of the tt̄ production cross-section is described in
Section 5.8.

5.2 Datasets and the Monte Carlo simulation

5.2.1 Datasets and the luminosity calculation

The analysis exploits the pp collision data with a center-of-mass energy of
√

s = 7 TeV accu-
mulated by the ATLAS detector from April to August in 2011. The data have been collected
requiring single lepton triggers with pT threshold of 20 GeV for the electron (22 GeV during
periods of high instantaneous luminosity) and 18 GeV for the muon.

The segments of the data, known as the luminosity blocks, are used for the analysis if they
were collected during periods in which the LHC was circulating stable colliding beams and
all the detector components were producing data of sufficient quality. The latter ensures the
reliability of the particle identification and the calculation of the missing transverse momentum,
which is the signature of the undetected neutrino. Taking into account the luminosity block
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Overview of the background estimation 
1.  Development of the discriminant variable  
2.  Template fit using discriminant variable 

–  Signal template (MC) + Background template (Data) 
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Figure 5.2: The dominant background processes to be considered in the analysis: (a) tt̄ lepton
plus jet (tt̄ → !−ν̄!qq̄bb̄), (b) W+jet, (c) QCD multi-jet, (d) tt̄ di-lepton (tt̄ → !−ν̄!!+ν̄!bb̄),
(e) Z(→ ee)+jet, (f) Z(→ ττ)+jet, (g) diboson (WW,WZ,ZZ), (h) single-top via the Wt
production. Blue represents genuine objects, while red represents fake objects that possibly
mimic the τ candidate.

In the remaining part of the thesis, three control regions are used to validate the analysis
without the presence of signals. Table 5.2 summarizes its selection criteria, all of them are
orthogonal to the event selection used for the signal extraction which is described in section 5.4.

In Table 5.2, Nlepton represents the number of lepton, Nτ cand. is the number of τ candidate,
Njet denotes the number of jets, where all objects are defined in Section 5.3. MT is the transverse
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Signal region  0 b-jet sample 

1 lepton 
+ ≥1 τ cand. 

Common 

Njet ≥ 2 

ET
miss > 30 GeV 

ΣET > 200 GeV 

# of b-jet ≥ 1 = 0 

Used to validate 
signal template 

Used to validate 
background template 

Z → τµτhad sample	
 W + fake τ sample	


1 lepton 
+ ≥1 τ cand. 

Common 

Njet = 0 

MT (l, ET
miss)  < 20 GeV 40 – 100 GeV 
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Development of the discriminant variable 

13 

•  Boosted Decision Tree 
–  Recursive cuts on a set of 

identification variables 

–  Trained with 8 (11) jet-related 
variables for τ1 (τ3) 
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Figure 9: A simple example of a decision tree training process where we have two distributions labelled
signal (S) and background (B) over two variables X and Y . The process begins at (1). by determining the
best value of the best variable to cut on, which in this case is Y at a. All objects with Y > a are passed to
the right node and all objects with Y ≤ a are passed to the left. This process continues recursively until
a stopping condition is satisfied such as a minimum number of objects contained by a node.

the cut. As a simple example, in the rare case where the optimal cut completely separates signal from
background, the Gini index at both child nodes will be 0.

This recursive splitting process is terminated by a stopping condition, usually by specifying a mini-
mum number of candidates which must exist in any node. If any split would result in child node contain-
ing less than this number, the split is not made and the current node becomes a terminal or “leaf” node.
Limiting the tree depth or total number of nodes in the tree are other possible stopping conditions. The
score assigned to an object by the decision tree is simply the purity of the leaf node at which the object
lands on. The more signal-like an object is, the closer it’s score is to 1.

A single decision tree is not stable across independent testing samples and is also not a particularly
strong classifier. Freund and Schapire proposed an algorithm called AdaBoost [5] (Adaptive Boost)
which significantly improves decision tree stability and performance. AdaBoost increases (“boosts”) the
weights of the misclassified objects and suppresses the weights of the correctly classified objects in the
initial decision tree and then a second decision tree is constructed using these new weights. The second
tree will then focus more on difficult cases and less on easy cases. AdaBoost may then be applied on the
second decision tree and so on up to a maximum number of trees specified by the user. Define the weight
αm for the mth decision tree as:

αm = β ln
(

1 − εm
εm

)

where εm =
∑

i wi,misclassified
∑

i wi
(10)

where εm is the error fraction of the mth decision tree which is the sum of the weights of the misclassified
objects over the sum of the weights of all objects. A signal object is misclassified if it lands on a leaf
node with purity less than 0.5 and a background object is misclassified if it lands on a leaf node with
purity greater than 0.5. β is a parameter set by the user which scales the amount by which the weights
are boosted/suppressed in the next tree. In a sense, β controls the rate at which the BDT learns about
difficult cases and so a higher β may require fewer boosts to reach a given level of performance since the
correction from each tree to the next will be higher. If β is too high, the BDT may overfit the training
sample with only a few boosts and performance on an independent sample will decrease. We have found
that a modest value for β of 0.2 tends to yield the best results.
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•  BDT distribution for the fake τ candidate has a different shape 
according to the jet type : gluon, light-flavor jet (u,d,c,s), b-jet 

Real τ from 
signal event 

Need 4 template ? 
→ Not manageable 

•  Make use of charge correlation between τ and lepton (OS, SS)	

   　OS = Real τ + b + gluon + light-flavor quark (OS)	


    　 SS =              b + gluon + light-flavor quark (SS)	


OS – SS = Real τ                    + light-flavor quark (OS – SS)	


•  We can fit OS – SS distribution with only 2 templates	

No signal lost 
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Validation test of the OS – SS technique 
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•  Gluon, b-jet fakes are cancelled out without loosing signals	


•  Signal events are enhanced and only two components left	


OS"

SS"τ1 

OS – SS"

Perform the template fit to the OS – SS BDT output score 
by using signal and the light-flavor background template 
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Construction of the template 
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•  Signal template 
–  Use MC after truth-matching 

to a real τ-lepton 
–  Fake τ from electron is added 

(subtracted after the fit)  

•  Background template 
–  Use 0 b-jet sample 
–  OS – SS to be light-flavor origin 
–  Subtract real τ component      

(e.g, Z → ττ) using MC 
–  Shape is corrected to reflect 

kinematic dependence on BDT 
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Validation of the signal template 
•  Check the validity to use MC simulation as a signal template 

–  Test the template fit method using Z → τµτhad sample 
–  Signal template (MC) + Background template (W + fake τ sample in data) 
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τ1 τ3 

# extracted signal 
(± stat.) 

8297 ± 189 2871 ± 129 

MC expectation 
(± syst.) 

8710 ± 436 2917 ± 204 

•  Jet energy scale (3% in τ1)  
•  Z + jet cross section (4% in τ1) {	


Decent agreement is seen within uncertainty 

•  MC simulation can be used as a signal template 
•  Systematic uncertainty of 5% (τ1) and 7% (τ3) is assigned as the τ 

identification uncertainty on the signal acceptance 
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W + fake τ derived template 
0 b-jet background shape 

Validation of the background template 
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1.  Compare the background template derived from W + fake τ 
sample  to that of in 0 b-jet region 

2.  Compare the background template derived from 0 b-jet sample 
to that of in signal region (BDT < 0.6) 

•  Construction method of the background template seems to be valid	

•  No additional uncertainty is added except for the statistical uncertainty	


0 b-jet derived background 
template ≥1 b-jet bkg. shape (BDT < 0.6) 

∑
pT = 0 (37)
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)
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|Vtb|2 (39)

(W+ fake τ)Data ×
(0 b-jet)MC

(W+ fake τ)MC
↔ (0 b-jet)Data (40)

∑
pT = 0 (37)

g√
2MW

{
mu

(
1 + γ5

2

)
1

tan β
+ md

(
1 − γ5

2

)
tan β

}
(38)

|Vtb|2 (39)

(W+ fake τ)Data ×
(0 b-jet)MC

(W+ fake τ)MC
↔ (0 b-jet)Data (40)
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Systematic uncertainty 
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•  Source of systematic uncertainty 
–  Estimation of the signal acceptance 
–  Signal template 
–  Subtraction of the τ contributions in 0 b-jet region 

•  Template fit is performed one by one for each ±1σ samples 
Source	
 Effect	
 Electron	
 Muon	


Electron	
 Identification and Trigger efficiency	

pT resolution	


2.9 %	


Muon	
 1.5 %	


Jet	
 Jet energy scale / resolution	

Jet identification efficiency	


3.0 %	
 2.4 %	


Tau	
 Tau identification efficiency	

Tau energy resolution	


3.0 % 	
 3.2 %	


b-jet	
 b-tagging efficiency	
 8.9 %	
 9.0 %	


Simulation	
 PDF, MC generator, ISR/FSR, parton shower	
 4.0 %	
 4.1 %	


Total	
 11.0%	
 10.8%	
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(c)

Template fit in the signal region 
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Extracted # of signals	
 # of expected (MC)	
 σtt (central ± stat. ± syst. ± lumi.)	


µ + τ1" 445 ± 43	
 388	
 189 ± 17 ± 20 ± 7 pb	


e + τ1" 391 ± 46	
 338	
 177 ± 43 ± 21 ± 6 pb	


µ + τ3" 125 ± 33	
 116	
 190 ± 20 ± 20 ± 7 pb	


e + τ3" 105 ± 30	
 101	
 171 ± 47 ± 21 ± 6 pb	


•  The result shows a decent agreement with expectation in ~1σ	


τ1, 	

Muon	


τ1, 
Electron	
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Jet multiplicity distribution 
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•  We actually observe the signal events from the data 
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•  Jet multiplicity distribution	

–  τ candidate is counted as a jet	


pxpxpxpxpxpxc
t̄

pxpxpxpxpxpxc
t̄

pxpxpxpxpxpxc
b̄

pxpxpxpxpxpxc
b̄

pxpxpxpxpxpxc
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pxpxpxpxpxpxc
τ+

pxpxpxpxpxpxc
µ−

pxpxpxpxpxpxc
ν
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BDT < 0.7	
 BDT > 0.7	


τ1 + τ3 τ1 + τ3 

BDT = 0.7	
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Combined cross-section 
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 [pb]tt

50 100 150 200 250 300 350

ATLAS Preliminary

Data 2011

Channel & Lumi.

New measurements

15 May 2012
Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± tt

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

 + jetshad
-11.67 fb   7 pb± 42 ± 19 ±200 

 + leptonhad
-12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 

 [TeV]s
1 2 3 4 5 6 7 8

 [p
b]

tt

1

10

210

 pb24
25  ±l+tau 186 

 12 pb ±l+jets 179  

 pb14
17  ±Dilepton 173  

 pb24
25  ±l+tau 186 

 12 pb ±l+jets 179  

 pb14
17  ±Dilepton 173  

Approx. NNLO (pp) 
) pApprox. NNLO (p

CDF
D0

6.8 7 7.2

150

200

•  Combine all the cross-section measurement 
–  σtt = 186 ± 13 (stat) ± 20 (sys) ± 7 (lumi) pb (MC :             )	


–  dσ/σ = 13%, most precise measurement in τ + lepton channel, 
verified the Standard Model including its decay process	


W+ (12)

W− (13)

τ (14)

µ (15)

ν̄ (16)

e− (17)

x1p (18)

x2p (19)

σtt̄ = 165+11
−16 pb (mt = 172.5 GeV) (20)

$− (21)

|m!+!− − mZ | < 10 GeV (22)
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Interpretation to the charged Higgs 
•  Set the upper limit on B(t→H±b) 
•  Ratio of the observed cross-section between di-lepton and the 
τ + lepton channel after cancelling out common systematics 
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H+ Mass (GeV)
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0.1

0.12
expected 1-Sigma

expected 2-Sigma

Observed

σtt(tt → τ+lepton) / σtt(tt → dilepton)	


1.01  
± 0.04 

•  The method developed in this analysis is being used for the new 
physics search, where tt → τ + X is the dominant background 

B(t→H±b), assuming B(H±→τν) = 1	


95% C.L 
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Conclusion 
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•  Establish the method to extract tt events including a 
hadronically decaying τ-lepton from 20 MHz pp collisions  
1.  Application of the multi-variable & template fit  
→ Keep high signal acceptance 

2.  OS – SS subtraction 
→ Model the background in a data-driven way (reduce systematics) 

ü  The most precise measurement in τ + lepton final state (~13%)  
ü  Good agreement with theoretical prediction (              ), 

demonstrating the validity of the SM 
ü  Set the upper limit on the branching ratio B(t→H±b) < 4 – 8%  
ü  The developed method is being used for the new physics search  

σtt = 186 ± 13 (stat) ± 20 (syst) ± 7 (lumi) pb	


W+ (12)

W− (13)

τ (14)

µ (15)

ν̄ (16)

e− (17)

x1p (18)

x2p (19)

σtt̄ = 165+11
−16 pb (mt = 172.5 GeV) (20)

$− (21)

|m!+!− − mZ | < 10 GeV (22)
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τ3	

pT = 53 GeV	


Muon,	

pT = 20 GeV	


b-jet 	

pT = 144 GeV	


Jet	


ET
miss = 39 GeV	


b-jet	


Thank you 
for your attention 

Accepted by PLB on 8, September (arXiv:1205.2067) 
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Confirm the good linearity and almost no bias of the result 

Linearity of the fit method 
•  Perform 5,000 pseudo experiments 

–  Fluctuating all the possible distributions by poisson 
–  The amount of signals are varied from 0 to twice the SM 

to check the linearity and the bias of the result 
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 / ndf 2  2.238 / 8

Prob   0.9728

p0        0.9504± -1.764 

p1        0.000923± 0.9989 

 / ndf 2  2.238 / 8

Prob   0.9728

p0        0.9504± -1.764 

p1        0.000923± 0.9989 

1SM value 

Slope : 1.0 
Intercept : -1.7 ± 1.0 
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ATLAS detector 
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Inner Tracker (|η| < 2.5)	
 Calorimeter	
 Muon detector (|η| < 2.7)	


y	

x	
 proton 3.5 TeV	


proton 3.5 TeV	

z	

θ (η)	


3.2 ATLAS detector475

There are four interaction points at the LHC, where oppositely running protons collide each476

other. The collision events are closely observed by the dedicated detector, called ATLAS (A477

Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), LHCb (LHC-beuty) and ALICE478

(A Large Ion Collider Experiment). The ATLAS and the CMS detector [26] are the general-479

purpose detector designed to cover a wide range of physics at the LHC energy scale.480

Figure 3.2 shows the schematic view of the ATLAS detector. From inner to outer, it consists481

of the inner tracker, the solenoid magnet, the liquid argon electromagnetic calorimeter, the482

hadron calorimeter, the toroid magnet and the muon spectrometer. The inner tracker and the483

muon spectrometer make use of the magnetic deflection to measure the transverse momentum484

(pT ) of the charged particle.

Figure 3.2: The schematic view of the ATLAS detector. The detector has a cylindrical shape
with its size of 25 m×25 m×44 m. The total weight is 7000 tons.

485

The origin of the coordinate system is defined to be the interaction point. The positive486

x−axis is defined in a direction from the origin towards the center of the LHC ring. The487

positive y−axis is taken to be upward. The positive z−axis is defined according to the right-488

handed system and is in parallel with the beam direction. The azimuthal angle φ is measured489

from the positive x−axis and the polar angle θ is measured from the positive z−axis. In most490

cases, pseudo-rapidity (η) is used instead of θ which is defined as491

η = − ln

{
tan

(
θ

2

)}
(3.1)492
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y	


•  Pixel (50 x 400 µm2)	

•  Semi Conductor Tracker (80 µm)	

•  Transition Radiation Tracker	


•  EM calorimeter (22X0)	

     —|η| < 3.2	

•  Hadron calorimeter (> 10λ)	

     —|η| < 4.9	


•  Precision Tracker	

     — Drift Tube detector	

•  Trigger detector	

     — Multi-wire gas chamber	
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MC tuning to reflect pileup events 
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Z → µµ + 25 vertex	


σz = 5 - 6 cm	


Average Interactions per BX
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•  Additional pp collisions / bunch crossing 
–  MC is reweighted to reproduce average # of 

interactions per bunch crossing  

–  Sanity check using Z → µµ control region    
for the jet multiplicity distribution 

Before 
reweight 

After 
reweight 

Average # of interactions / bunch 



 / 25 

Breakdown of the systematics 
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τ + µ τ + e τ + µ τ + e
dA/A (%) dA/A (%) dσ/σ (%) dσ/σ (%)

muon pT smearing 0.0 / +0.1 ±0.0 ±0.3 0.0 / +0.1
muon trigger SF ±1.6 ±0.0 −1.1 / +1.5 ±0.1
muon identification SF ±0.0 ±0.0 −0.1 / 0.0 ±0.0
electron pT smearing ±0.0 0.0 / +0.2 ±0.2 −0.2 / 0.0
electron energy scale ±0.0 ±0.5 −0.3 / +0.1 −0.2 / +0.4
electron trigger SF ±0.0 ±0.8 −0.1 / +0.2 −0.7 / +1.0
electron identification SF ±0.0 ±2.9 −0.5 / +0.6 −2.8 / +2.7
jet energy scale −2.8 / +2.3 −3.4 / +3.0 −2.0 / +2.2 −1.9 / +2.8
jet energy resolution ±0.5 ±0.4 ±1.0 ±1.2
jet identification efficiency ±0.0 ±0.0 ±0.2 ±0.0
b-tag SF −5.7 / +5.3 −5.3 / +4.6 −7.7 / +9.0 −7.5 / +8.9
ISR/FSR ±4.5 ±5.7 ±4.8 ±3.5
parton distribution function ±2.0 ±2.1 ±2.0 ±2.1
parton shower 0.0 / +0.3 0.0 / +0.3 −0.3 / 0.0 −0.3 / 0.0
MC generator ±0.7 ±0.7 ±0.7 ±0.7
τ identification (τ1) ±5.0 ±5.0 −3.0 / +3.2 −2.7 / +3.0
τ identification (τ3) ±7.1 ±7.1 −3.1 / +3.4 −2.9 / +3.2
total (τ1) −9.6 / +9.3 −10.6 / +10.1 −10.1 / +11.3 −9.7 / +11.1
total (τ3) −10.9 / +10.6 −11.7 / +11.3 −10.2 / +11.3 −9.8 / +11.2

Table 5.10: The list of systematic uncertainty. dA/A is the uncertainty on the signal acceptance
and the dσ/σ on the cross-section.

5.7.1 Uncertainties related to the detector performance

Uncertainties related to the lepton Uncertainties related to the lepton trigger, recon-
struction and the selection efficiencies are estimated using the tag and probe method in Z → ""
control region in data. Z → "" process is selected by requiring two opposite signed leptons
with its invariant mass inside the Z mass window (91 GeV < m!! < 101 GeV). In order to
avoid the trigger bias, a tag lepton is required to fire the corresponding single lepton trigger.
The purity of the lepton in this control region is estimated to be more than 99%, based on
the MC simulation. Scale factors are then evaluated by comparing the efficiencies between the
simulated Z events in the MC simulation and the one in data. The central value is applied to
the MC simulation to absorb the difference with respect to the data and its error is considered
as the systematic uncertainty. The lepton momentum scale and the resolution as well as its
uncertainties are evaluated by comparing the invariant mass distribution of the di-lepton (m!!)
between data and MC simulation.

Uncertainties related to the jet Uncertainties related to the jet reconstruction is domi-
nated by the jet energy scale. The jet energy scale calibrates the measured calorimeter-level
jet energy to the particle-level (Section 3), taking into account the effect from neutrons, dead
materials, other detector effects, and algorithm specific biases. The knowledge of the jet en-
ergy scale becomes the uncertainty, where it is estimated by combining information from test

87
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Event yield 
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τ + µ τ1 τ3
0 b-tags ≥ 1 b-tags 0 b-tags ≥ 1 b-tags

OS SS OS SS OS SS OS SS
µ+jets 5005 ± 72 3022 ± 56 496 ± 17 297 ± 13 12230 ± 120 8669 ± 89 1293 ± 28 928 ± 24

multi−jets 465 ± 140 537 ± 160 117 ± 35 146 ± 44 995 ± 300 1123 ± 340 464 ± 139 401 ± 120
tt̄(µ+jets) 308 ± 4 163 ± 3 1528 ± 9 660 ± 6 685 ± 6 443 ± 5 3484 ± 13 2000 ± 10
tt̄(µ + e) 3 ± 1 < 1 12 ± 1 1 ± 1 1 ± 1 < 1 2 ± 1 < 1

Wt(τ + µ) 7 ± 1 < 1 18 ± 1 1 ± 1 2 ± 1 < 1 5 ± 1 < 1
Z → ττ 301 ± 13 2 ± 1 16 ± 3 < 1 75 ± 7 1 ± 1 3 ± 2 < 1

tt̄(τ + µ) 60 ± 2 < 1 390 ± 4 2 ± 1 17 ± 1 1 ± 1 118 ± 2 2 ± 1
Total 6149 ± 160 3724 ± 180 2577 ± 40 1106 ± 45 14010 ± 323 10240 ± 350 5371 ± 139 3322 ± 120
Data 5450 ± 74 3700 ± 61 2472 ± 50 1332 ± 36 13322 ± 115 10193 ± 101 5703 ± 76 3683 ± 61

τ + e τ1 τ3
0 b-tags ≥ 1 b-tags 0 b-tags ≥ 1 b-tags

OS SS OS SS OS SS OS SS
e+jets 3949 ± 63 2590 ± 51 380 ± 20 256 ± 16 10140 ± 100 7530 ± 87 1120 ± 33 841 ± 29

multi−jets 602 ± 180 617 ± 185 165 ± 50 135 ± 41 2010 ± 600 2020 ±600 690 ± 207 606 ± 182
Z → ee 92 ± 10 3 ± 2 9 ± 3 < 1 11 ± 3 2 ± 1 < 1 < 1

tt̄(e+jets) 273 ± 17 146 ± 12 1335 ± 37 599 ± 24 633 ± 25 399 ± 20 3093 ± 56 1780 ± 42
tt̄(e + e) 2 ± 1 < 1 11 ± 3 < 1 < 1 < 1 2 ± 1 < 1

Wt(τ + e) 7 ± 3 < 1 17 ± 4 < 1 1 ± 1 < 1 6 ± 2 < 1
Z → ττ 217 ± 15 2 ± 2 15 ± 4 < 1 56 ± 8 1 ± 1 3 ± 2 < 1

tt̄(τ + e) 54 ± 7 1 ± 1 342 ± 18 4 ± 2 15 ± 4 < 1 103 ± 10 2 ± 1
Total 5200 ± 190 3360 ± 190 2274 ± 68 995 ± 50 12870 ± 610 9950 ± 610 5020 ± 217 3226 ± 192
Data 5111 ± 71 3462 ± 59 2277 ± 48 1107 ± 33 12102 ± 110 9635 ± 98 5033 ± 71 3192 ± 56

Table 5.6: The number of τ plus lepton candidates for the MC simulation and data. tt̄("e) are
tt̄ events with one identified lepton and an electron reconstructed as a τ candidate. tt̄(" + jets)
denotes tt̄ events with one identified lepton and a jet reconstructed as a τ candidate. "+jets are
events with one identified lepton and a jet reconstructed as a τ candidate from sources other
than tt̄ and QCD events.
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Figure 5.22: Template fitting result using Z → τµτhad control region for (left) τ1 and (right) τ3.

The uncertainty related to the τ identification efficiency comes from the statistical uncer-
tainty of the data (3%), the uncertainty of the predicted Z+jet cross-section (4%) [38] and the
jet energy scale uncertainty (3%). The total uncertainty is 5.0% for the τ1 candidate and 7.0%
for the τ3 candidate. The observed difference between the MC prediction and the number of
extracted signal events by the template fit is covered by this uncertainty. Therefore, signal

79
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CLs method 
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Signal + background	


Number of events	


P(N)	


Background only	
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CLs+b	


Nobserved	
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b-tagging 
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Variables used for the BDT 
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Variable Eqn. Jet discriminants Electron discriminants
Cut LLH BDT Cut BDT
1 m 1 m 1 m 1 1

Rtrack 11 • • • • • • •

ftrack 12 • • • • •

fcore 13 • • • • •

Nisotrack • • • • •

RCal 14 • • •

fiso 15 •

meff. clusters 16 • •

mtracks 18 • •

S flightT 19 • • •

S lead track 20 • •

f2 lead clusters •

f3 lead clusters • •

∆Rmax • •

fEM 21 •

fHT 22 • •

f trackHad 23 • •

EstripT,max • •

f trackEM 24 •

RHad 25 •

EisoT,corr 26 • •

Table 1: Complete list of variables used by the cut-based (Cut), likelihood-based (LLH) and boosted
decision tree (BDT) jet discriminants, and the cut-based and BDT electron discriminants. The
equation numbers refer to the variable definitions in Appendix A. The use of variables for the
jet discriminants is defined separately for 1-prong (1) and multi-prong (m) candidates.

5

where m loops over the decision trees. The Hm(!x) and αm represents a purity and the boost-
weight of the mth decision tree. H(!x) has a value between 0 to 1, since Hm(!x) ∈ [0, 1].

5.5.2 Training of the BDTj

In order to separate the genuine τ -lepton in τ candidate from the one coming from hadronic
(quark or gluon originated) jets, BDTj has been developed based on the 8 kinematic variables
for τ1 candidates and 11 variables for τ3 candidates. The τ candidates from the MC simulated
Z → ττ and W → τν events are used as the signal after taking a truth matching to the
hadronically decaying τ -lepton in ∆R < 0.2. On the other hand, QCD multi-jet events collected
by the jet trigger with pT threshold of 10 GeV is used as the background3. Followings are the
list of variables used for the BDTj training. The distributions for each variables are shown in
figures in [D.2].

• pT weighted track width (Rtrack)

Rtrack =

∑∆Ri<0.4
i pT,i∆Ri∑∆Ri<0.4

i pT,i

(5.16)

where pT,i is the track transverse momentum for the ith track. For τ1 candidates, Rtrack

corresponds to the ∆R between the track and the axis of the τ candidate.

• Leading track momentum fraction (ftrack)

ftrack =
ptrack

T,1

pτ
T

(5.17)

where ptrack
T,1 is the transverse momentum of the leading track within ∆R < 0.2 from the

axis of the τ candidate. pτ
T is the transverse momentum of the τ candidate. For τ1 can-

didates, ftrack corresponds to the fraction of the candidate’s momentum attributed to the
track, compared to the total momentum of the candidate, which can have contributions
from the calorimeter deposit from π0 and other neutrals.

• Fraction of the transverse energy within ∆R < 0.1 of the τ candidate (fcore)

fcore =

∑∆Ri<0.1
i ET,i∑∆Rj<0.4
j ET,j

(5.18)

where ET,i represents cell transverse energy, and ∆Ri is defined between a calorimeter
cell and the axis of the τ candidate.

• Number of charged track in 0.2 < ∆R < 0.4 (N iso
track)

3The pp collision data of 130 pb is used. In order to avoid real τ contributions, leading τ candidate above
30 GeV is discarded. All the sub-leading τ candidates above 15 GeV is used for the training.
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•  pT weighted track width 

• the ET weighted shower width (Rcal)

Rcal =

∑∆Ri<0.4
i ET,i∆Ri∑∆Ri<0.4

i ET,i

(5.19)

• The invariant mass calculated from the constituent clusters of the τ candidate (meff. clusters)

meff. clusters =

√√√√
(

∑

clusters

E

)2

−
(

∑

clusters

"p

)2

(5.20)

To minimize the effect from the pile-up, first N leading ET clusters, called effective
clusters, are used in the calculation, which is defined as,

N =
(
∑

i ET,i)2

∑
i E

2
T,i

(5.21)

where i runs over all the clusters associated to the τ candidate, and N is rounded up to
the nearest integer.

• Impact parameter significance of the leading track (Slead track)

Slead track =
d0

δd0
(5.22)

where d0 is the distance of the closest approach of the track to the reconstructed primary
vertex in the transverse plane, and δd0 is the uncertainty related to the d0 measurement.

• The ratio of the energy of the first three leading clusters over the total energy of all
clusters associated to the τ candidate (f3 lead clusters)

• The invariant mass of the track system in ∆R < 0.4 (mtracks)

mtracks =

√√√√
(

∑

tracks

E

)2

−
(

∑

tracks

"p

)2

(5.23)

This variable is used for the τ3 candidate only.

• The decay length significance of the secondary vertex of the τ3 candidate in the transverse
plane (Sflight

T )

Sflight
T =

Lflight
T

δLflight
T

(5.24)

where Lflight
T is the reconstructed signed decay length, and δLflight

T is the corresponding
uncertainty.

• The maximal ∆R between a track in ∆R < 0.2 and the axis of the τ candidate (∆Rmax).
This variable is used for the τ3 candidates only.
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•  ET weighted shower width 

• the ET weighted shower width (Rcal)

Rcal =

∑∆Ri<0.4
i ET,i∆Ri∑∆Ri<0.4

i ET,i

(5.19)

• The invariant mass calculated from the constituent clusters of the τ candidate (meff. clusters)

meff. clusters =

√√√√
(

∑

clusters

E

)2

−
(

∑

clusters

"p

)2

(5.20)

To minimize the effect from the pile-up, first N leading ET clusters, called effective
clusters, are used in the calculation, which is defined as,

N =
(
∑

i ET,i)2

∑
i E

2
T,i

(5.21)

where i runs over all the clusters associated to the τ candidate, and N is rounded up to
the nearest integer.

• Impact parameter significance of the leading track (Slead track)

Slead track =
d0

δd0
(5.22)

where d0 is the distance of the closest approach of the track to the reconstructed primary
vertex in the transverse plane, and δd0 is the uncertainty related to the d0 measurement.

• The ratio of the energy of the first three leading clusters over the total energy of all
clusters associated to the τ candidate (f3 lead clusters)

• The invariant mass of the track system in ∆R < 0.4 (mtracks)

mtracks =

√√√√
(

∑

tracks

E

)2

−
(

∑

tracks

"p

)2

(5.23)

This variable is used for the τ3 candidate only.

• The decay length significance of the secondary vertex of the τ3 candidate in the transverse
plane (Sflight

T )

Sflight
T =

Lflight
T

δLflight
T

(5.24)

where Lflight
T is the reconstructed signed decay length, and δLflight

T is the corresponding
uncertainty.

• The maximal ∆R between a track in ∆R < 0.2 and the axis of the τ candidate (∆Rmax).
This variable is used for the τ3 candidates only.
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•  Effective invariant mass 

where m loops over the decision trees. The Hm(!x) and αm represents a purity and the boost-
weight of the mth decision tree. H(!x) has a value between 0 to 1, since Hm(!x) ∈ [0, 1].

5.5.2 Training of the BDTj

In order to separate the genuine τ -lepton in τ candidate from the one coming from hadronic
(quark or gluon originated) jets, BDTj has been developed based on the 8 kinematic variables
for τ1 candidates and 11 variables for τ3 candidates. The τ candidates from the MC simulated
Z → ττ and W → τν events are used as the signal after taking a truth matching to the
hadronically decaying τ -lepton in ∆R < 0.2. On the other hand, QCD multi-jet events collected
by the jet trigger with pT threshold of 10 GeV is used as the background3. Followings are the
list of variables used for the BDTj training. The distributions for each variables are shown in
figures in [D.2].

• pT weighted track width (Rtrack)

Rtrack =

∑∆Ri<0.4
i pT,i∆Ri∑∆Ri<0.4

i pT,i

(5.16)

where pT,i is the track transverse momentum for the ith track. For τ1 candidates, Rtrack

corresponds to the ∆R between the track and the axis of the τ candidate.

• Leading track momentum fraction (ftrack)

ftrack =
ptrack

T,1

pτ
T

(5.17)

where ptrack
T,1 is the transverse momentum of the leading track within ∆R < 0.2 from the

axis of the τ candidate. pτ
T is the transverse momentum of the τ candidate. For τ1 can-

didates, ftrack corresponds to the fraction of the candidate’s momentum attributed to the
track, compared to the total momentum of the candidate, which can have contributions
from the calorimeter deposit from π0 and other neutrals.

• Fraction of the transverse energy within ∆R < 0.1 of the τ candidate (fcore)

fcore =

∑∆Ri<0.1
i ET,i∑∆Rj<0.4
j ET,j

(5.18)

where ET,i represents cell transverse energy, and ∆Ri is defined between a calorimeter
cell and the axis of the τ candidate.

• Number of charged track in 0.2 < ∆R < 0.4 (N iso
track)

3The pp collision data of 130 pb is used. In order to avoid real τ contributions, leading τ candidate above
30 GeV is discarded. All the sub-leading τ candidates above 15 GeV is used for the training.
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•  Centrality fraction 
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Boosted Decision Tree for electron 
•  Boosted Decision Tree against 

electron is also developed 
•  Cut on BDTe > 0.51 to remove 

fake electrons 
•  Rejection factor ~ 60, estimated by 

Z → ee control region 
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Comparison with CMS 

36 

を再現できていなかったが、だいぶ MC の tune が進んで
来たか ? π0 のスペクトルなどは EPOS MC がかなりよく
再現できているように見える。今後、2012年の p−Pb ラン
と、2014年の pp ランで再度データ取得を目指している。

2.5 LHCb

順調に、着実に結果を出している印象を持った。ATLAS
に比べて規模は小さいにも関わらず、既に 56 本の論文を出
している。最近では、rare decay の B(B → πµµ) の測定に
成功 (上限値ではなく)したことや、Bs → µµ の測定結果
を出してきたことが記憶に新しい。後者はだいぶ SMに近
いところまで下がって来ている。もう少しだろう。
また LHCb の coverage (2 < |η| < 5) を利用した PDF

の理解も進められている (10−6 程度のかなり低い xまで感
度がある)。LHCbでは、これらの領域に飛んでくる W/Z

経由のレプトンを用いて W asymmetry を測定し、SMと
の再現性をチェックしている (ちなみに、CTEQ は既にか
なり再現性がある)。今後どんどん PDF に feedback をか
けていって欲しいが、data と MC の相違を全て PDF に押
し込むのは危険である (仮に new physics があった場合に見
えなくなる)。具体的にどういう戦略で進めて行くのか、よ
く考えねばなるまい。
理論の側面からも、LHCbで測定すると面白い物理がいく

つか提案されていたが、個人的には Bs → ττ などは信号の
綺麗さから有望だと思う (SMでは B = 7.9×10−7)。LHCb
は neutrino に感度が無いが、ちょうど ATLAS がやってい
るように hadronic τ の特徴である collimated narrow jet &
odd prong を使ってある程度 τ ID 出来ないだろうか ?

2.6 W mass 測定 @ CDF

Higgs massは、Wや t-quarkからの radiative correction
を受ける。現在 top mass が 0.5% の精度で測定されてい
て、これはW mass の精度に換算すると 5 MeV 相当。こ
れまで W mass は 0.029 % = 23 MeV の精度で測定され
て来たからこっちに改善の余地がある。今回 19 MeV まで
下げて来たわけだが、特に大きく効いているのは、lepton
momentum SFに伴う不定性を0.01%まで下げたこと、recoil
jet の momentum, energy scale の不定性を Z → $$ を用い
て精密に測定し、lepton momentum SF と同程度まで下げ
たことが上げられる。

2.7 Diboson production @ ATLAS, CMS

Higgs の前哨戦として極めて大切な channel である。印
象としては、ATLAS の方が進んでいる。特に ZZ → $ν$$,

ZZ → $$$$ などが顕著で、ATLASは既に 4.7 fb−1 で解析
を update しているのに対し、CMS は まだ 1.1 fb−1 が公
式の結果である。ICHEP で見せてくるだろう。
気に留めておく必要があるのは、ATLASで測定したWW

の production cross sectionだろう。今のところ 1.5 σ excess
(Fiducial volume に限ると、WW → eνeµνµ で 2σ excess)
がある。もちろん、これらの結果にはヒグスの寄与 (残った
事象のだいたい 10%から 20%を占めることが予想される)
は入っていないが、増淵さん曰く、ちょうどヒグスで説明可
能な量とのこと。注目しておこう。
これは余談だが、V +γ の生成断面積は γ の pT cutの閾値

にある程度依存してしまうらしい。そこで Z(→ µµ)+ FSR
γ を用いて calibration を行うということをする (CMS)。
FSRの成分は M!! とM!!γ の 2D plane で綺麗に分離する
ことが可能 (共鳴を通るので M!!γ ∼ 90 GeV となる。一
方 ISRはM!! ∼ 90 GeVとなる) で、 M!! の関数として
calibration factor を出しているとのこと。これによって不
定性を 2 - 3% 程度に抑えることができるらしい。

2.8 Top quark physics @ ATLAS, CMS

生成断面積測定は両実験から結果が出揃った。ここで、両
者の測定精度を比べておくのは面白いだろう (表 1)。これ

tt̄ channel ATLAS CMS
$ + $ 10% (0.7) 9% (1.1)
$ + jet 7% (0.7) 9% (1.1)
τ + $ 13% (2.1) 18% (2.2)
τ + jet 24% (1.7) 23% (3.9)
all hadronic 32% (4.7) 33% (1.1)
combination 6% 8%

single top channel ATLAS CMS
t channel 24% (1.0) 17% (1.1)
Wt channel 34% (2.1) 36% (2.1)

Table. 1: 測定精度比較。括弧内は使用したデータ量 (fb−1)

を見る限り、私が行ってきた τ + $ での測定は非常によく健
闘していることが分かる。Single topの t channel の測定精
度の違いは何によっているのか ? 論文を読んで違いを把握
しておこう。
また top の mass 測定も LHC で着実に進行している。

ただ Tevatron よりたくさんの top quark を使っているの
にも関わらず、Tevatron に精度で勝てていないことには注
意が必要で、これは LHC の pile up が厳しく、JESによ
る不定性が大きく効いているためだと思われる。一般的に、
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BDT dependence on Kinematics 
•  Higher pT result in higher BDT 
•  Higher Number of jet result in lower BDT 

•  tt has higher pT & higher jet multiplicity 
•  W + jet has lower pT & lower jet multiplicity (0 bjet) 
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Tau ID systematic uncertainty 
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•  If there are more tau than nominal MC,  
–  Signal template shape stay same (no effect) 
–  Subtraction of Z → ττ, tt in 0 b-jet region goes up 
–  As a result, BG template is distorted 

•  Shift in acceptance(↑) and Nsignal (↑) are cancelled out	

•  The opposite thing occurs in case of b-tagging efficiency 	
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Combination of the BG template 

39 

•  electron & muon channel are combined when 
constructing the background template 
– After subtracting tau and electron component, 

background BDT distribution are compared and 
found to be identical 
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QCD multi-jet estimation 
•  Template of the QCD distribution is derived from 

non-isolated lepton sample 
•  The normalization is derived by using MT < 40 GeV 

by fitting QCD template and other SM processes 
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Figure 5.10: (Left) MT distribution in the non-isolated sample after all the event selection is
applied. (right) Fitting result based on the MT distribution by means of the MT distribution
in the non-isolated sample and the other SM processes in the signal region, which is derived
from the MC simulation.

before the HT cut, and MT distribution after the b-tagging in τ1 and τ3 candidate, respectively.
All the distributions except for the QCD multi-jet events only include statistical uncertainty.
Since there are no guarantees that the distribution derived from the non-isolated sample is
identical to that of the isolated sample, 30% uncertainty is assigned, based on the study for
the mis-identified lepton backgrounds in tt̄ events [34]. Within the uncertainty, data and MC
simulation shows a decent agreement.

The dominant background comes from the QCD multi-jet events (purple) before the Emiss
T

requirement, and W+jet events (orange) before the b-tagging, and tt̄ lepton plus jet events
(blue) in the end of the event selection (> 70% contributions). Most of the backgrounds
come from jets miss-identified as τ candidate, while small fraction of events from electrons
miss-identified as τ candidate. The S/N ratio is 0.15 for the τ1 candidate and 0.05 for the τ3

candidate.

5.5 Development of the Boosted Decision Tree

In order to separate signal events from backgrounds, the analysis exploits the multivariate
technique based on the Boosted Decision Tree (BDT) as the tight discriminant. For the back-
ground processes coming from electrons faking τ candidate, BDTe discriminant is developed
and the cut is applied. For the background processes coming from jets faking τ candidate,
BDTj is developed, followed by the template fit to the BDTj distribution by the signal and the
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Production process at LHC 
•  Light charged Higgs (mH± < mt-quark) 

–  gluon fusion + tt production 

•  Heavy charged Higgs (mt-quark < mH±) 
–  gb fusion 

~1pb 	

@ 150GeV	
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Boosted Decision Tree 
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S	

B	


S	
 B	


S	
B	


•  Multivariable, trained by known S/B sample 
–  Consists of lots Yes / No questions 

–  Cut is optimized at each question so that signal purity (p) 
times BG purity (1-p) become minimum	


–  The output value is a purity	
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Matrix Method 
•  Alternative background estimation method 
•  Solve simple system of equation for BDT = 0.7  
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Figure 5.38: tt̄ production cross-section as a function of the center-of-mass energy. The yellow
and the blue band shows the theoretical prediction (NNLO) for pp̄ (Tevatron) and pp (LHC)
collisions, respectively.

is defined as followings, for both the τ -lepton and the fake τ -lepton:

εreal =
N tight

real

N loose
real

, εfake =
N tight

fake

N loose
fake

(5.40)

where the subscript ”real” denotes a τ -lepton and the ”fake” denotes fake τ candidate and N
is the number of τ candidate. Then, the number of tight τ -lepton is given by,

N tight
real = N tight

data − εfake

εreal − εfake

(
N loose

data εreal − N tight
data

)
(5.41)

Note that the OS−SS subtraction technique is also applied to the matrix method approach.
The efficiency (εreal) and the fake rate (εfake) are measured separately for three fEM bins,

which is the ratio of the energy measured in the electromagnetic calorimeter to the total energy
of the τ candidate measured in the calorimeter. This variable is an effective variable for splitting
the data into regions where the shape of the OS−SS BDTj distribution in MC becomes similar
between W + 1 fake τ control region and the background distribution in the ≥ 1 b-tag signal
region [D.5]. The obtained cross-section in the matrix-method shows 165±13 (stat.)+16

−15 (syst.)±
6 (lumi.) pb, which is comparable to the cross-section result obtained by the template fit.
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εreal − εfake

(
N loose

data εreal − N tight
data

)
(5.41)

Note that the OS−SS subtraction technique is also applied to the matrix method approach.
The efficiency (εreal) and the fake rate (εfake) are measured separately for three fEM bins,

which is the ratio of the energy measured in the electromagnetic calorimeter to the total energy
of the τ candidate measured in the calorimeter. This variable is an effective variable for splitting
the data into regions where the shape of the OS−SS BDTj distribution in MC becomes similar
between W + 1 fake τ control region and the background distribution in the ≥ 1 b-tag signal
region [D.5]. The obtained cross-section in the matrix-method shows 165±13 (stat.)+16

−15 (syst.)±
6 (lumi.) pb, which is comparable to the cross-section result obtained by the template fit.
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Figure D.4: Same plots with Figure D.3 in τ3 candidates.
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Figure D.7: Comparison of the background BDTj distributions in W + 1 fake τ control region
(cross point) and the signal region (blue histogram). From left to right, 0.0 < fEM < 0.4,
0.4 < fEM < 0.8, and fEM > 0.8.
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Figure D.8: The absolute (left) and the relative (right) acceptance.
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Interpretation to H± 

44 
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Ratio
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Ratio Measurement 
•  Ratio of the observed cross-section between di-lepton 

and the τ + lepton channel 
–  Cancel out common systematic uncertainty 
–  Enhancement from unity indicates new physics 
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What is interesting about t-quark ? 

47 
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Difference of the Event selection 
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pT > 22 GeV 
pT > 35 GeV 

2 jets with  
pT > 25 GeV 
pT > 35 GeV 
 
≥ 1btag jet with  
70% eff. point 
76% eff. point 

ET
miss > 30 GeV 

ET
miss > 45 GeV 

pT > 20 GeV 
pT > 20 GeV 

HT > 200 GeV 
--- e-	

Charge correlation 
OS – SS  
OS 

ATLAS 
CMS 

Acceptance (Br inc.) :  ATLAS = 0.1%, CMS = 0.03% 
S/N :  ATLAS = 0.1, CMS = 0.5 
Large stat. in ATLAS, while better S/N in CMS 
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Comparison of Systematic uncertainty 

•  Difference of τ identification, Jet, b-tag is understandable 
–  Due to the template fitting (correlation between A, BG template) 
–  As far as comparing with dA/A, it is same order 

•  Difference arises from τ miss-identification modeling 

electron channel ATLAS CMS 
Tau identification 3%  6% 
Tau miss-identification 
modeling 

5%  
Modeled by anti b-tag data 

12.6% 

b-tag 8% 5% 
Jet 3% 5% 
PDF, generator, ISR/FSR 4% 4% 

electron 3% 3% 
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Tau miss-identification modeling 
•  So-called, background estimation uncertainty 
•  ATLAS 

–  Background is modeled by anti b-tag CR 
–  Kinematically close to the signal sample, enough not to add 

additional uncertainty 
–  OS – SS subtraction eliminate the uncertainty related to 

the jet composition (b-jet, gluon jet) 

•  CMS 
–  Miss-identification rate is estimated by W+1jet control 

region and QCD multi-jet control region, like, 
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Event selection 

•  σ(tt) analysis uses BDT as a final discriminant, while H± analysis uses ET
miss 

•  Acceptance (Br. included) → σ(tt) : 0.1%,  H : 0.08% 

Muon 
channel 

σtt measurement H± search 

Trigger Single lepton trigger, pT > 18 GeV 

Lepton pT > 20 GeV 

Tau OS tau candidate 
pT > 20 GeV 

OS tau (likelihood ID, 30% eff.) 
pT > 20 GeV 

Jets ≥ 2 jets (pT > 25 GeV) 
 

≥ 2 jets (pT > 20 GeV) 
|JVF| > 0.75 

b-jet ≥ 1 b-tagged jet (70% eff point) 

Missing ET  ET
miss > 30 GeV  --- (use as final discriminant) 

ΣET  ΣET > 200 GeV ΣpT > 100 GeV 
(All track associated to the PV) 
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